Several models have been proposed to explain why expression parameters of a gene might be related to the size of the gene's introns. These include the idea that an energetic cost of transcription should favor smaller introns in highly expressed genes (the 'economy selection' argument) and that tissue-specific genes reside in genomic locations with complex chromatin level control requiring large amounts of non-coding DNA (the 'genomic design' hypothesis). We recently proposed a modification of the economy model arguing that, for some genes, the time expression takes is more important than the energetic cost, such that some weakly but rapidly expressed genes might also have small introns. We suggested that antisense genes might be such a class and showed that the data appears to be consistent with this. We now re-examine this model to ask whether a) the effects described were solely owing to the fact that antisense genes are often non-coding RNA and b) whether we can confidently reject the 'genomic design' model as an explanation for the facts. We show that the effects are not specific to non-coding RNAs and that the predictions of the 'genomic design' model are not for the most part upheld.
Several different models have been proposed to explain why broadly/highly expressed genes typically have small introns. The 'economy selection' model argues that it reflects selection for minimizing the costs of gene expression (Hurst et al. 1996; Castillo-Davis et al. 2002; Eisenberg and Levanon 2003; Seoighe et al. 2005) , the 'mutational bias' model suggests that it reflects regional mutation biases in rates of insertion and deletion (Urrutia and Hurst 2003) , while the 'genomic design' model postulates that it reflects selection for genomic organization to enable control of gene expression (Vinogradov 2004 (Vinogradov , 2005 . Recently, we observed that human antisense genes have significantly shorter introns compared with other genes, including their more broadly/highly expressed sense partners. This we argued could not be simply explained by any of the above models. Our further analyses suggested that the short introns of antisense genes might be related to antisense regulation that requires a rapid response time (Chen et al. 2004 (Chen et al. , 2005a ). Thus, we proposed an 'efficiency selection' model (which can also be recognized as a 'time-economy selection' model) to explain the short introns of antisense genes (Chen et al. 2005a ). Here, in this short note, we address two matters arising. First, is the reduced intronic size of antisense genes true for protein-coding antisense as well as for non-coding RNA (ncRNA) or was our observation more a statement about ncRNA than about antisense per se. Note that the antisense genes are enriched for ncRNA: percentage of the genes with assigned protein-coding region (CDS) in the antisence (A), sense (S), antisense-like (AL), sense-like (SL) and nonoverlapping bidirection (NBD) genes (see their classification in the legend of Fig. 1 ; see also Chen et al. 2004 Chen et al. , 2005a is 57.5%, 94.5%, 40.2%, 91.6% and 79.1% respectively. Second, have we been premature in our rejection of the 'genomic design' model?
Small introns for protein-coding antisense genes
To address the first issue we excluded all the genes without CDS. However, this leaves a problem, namely which gene in a pair of bi-directional protein-coding genes should we consider the sense gene and which the antisense? We defined the S and A (or SL and AL) based on the conventional concept (e.g., Lipman 1997) that the sense (or SL) gene should exist in more tissues and be expressed at a higher level than its antisense partner (Chen et al. 2004 (Chen et al. , 2005a . If the expression levels of the paired two genes are the same, the gene pair is excluded from this analysis. We should expect that if the 'efficiency selection' model is wrong and the economy model uniquely true that the sense gene with the higher expression level should be the one with the smaller introns. If the 'efficiency selection' model is correct this could in principle be reversed. Therefore to ask if the 'efficiency selection' model might have merits we consider whether antisense has smaller introns compared to its sense partner. If the more weakly expressed antisense gene has the smaller introns, this could not be explained by economy or regional mutational bias, but would be consistent with efficiency.
In analysis of the protein-coding genes only, we observed a similar pattern to the previous observation in which both protein-coding and non-coding genes are considered (Chen et al. 2005a) , namely a reduced intronic size for the putative antisense genes: the average intron length (nucleotides, nt) of the protein-coding A, S, AL, SL and NBD genes is 4779 (average logarithm value: 3.3113), 5032 (3.3935), 9278 (3.4570), 12,137 (3.7340) and 4904 (3.3588) respectively, while the values of the whole gene sets were 4995 (3.3018), 5313 (3.3759), 9049 (3.4565), 12,599 (3.7338) and 5202 (3.3558) respectively. The differences are still significant between antisense genes and any other kind of genes (P < 0.01; both 'independent samples t-test' and 'Mann-Whitney U-test' in analyses of both the original and logarithm values), as well as between antisense genes and their sense partners (or between AL and SL genes) in a paired fashion (P < 0.05; 'paired samples t-test'). Thus, the difference that we see between S (SL) and A (AL) genes does not result exclusively from the potential difference in intron size between protein-coding genes and ncRNA genes.
Predictions of 'genomic design' are not for the most part upheld
The 'genomic design' hypothesis (Vinogradov 2004) proposed that lowly expressed genes have large introns as these introns may contain large suppressing control elements. The model also proposes that the non-coding DNA in and around a gene (gene nests) affects the expression of the gene through chromatin level regulation. It is this feature that predicts that a gene with small introns should sit in a region with small intergenic distance and should have genes of comparable intronic dimensions as neighbors. The model predicts, we reasoned, that in a comparison of pairs of linked genes, the one with lower/narrower expression should be the one with the larger introns, as it should be the one with the extra control elements. This is the opposite of what we found in comparing antisense genes with their overlapping sense partners in a paired fashion (Chen et al. 2005a) , namely that antisense genes have significantly shorter introns (P < 0.01) than their sense partners, although their sense partners have significantly higher expression levels and wider expression breadths (P < 10 -4 ). We therefore rejected this as a potential explanation for our set of observed facts. The same finding rejects biased mutation and economy selection, the former predicting no difference between the genes in mean intron size of neighbors, the latter predicting smaller introns for the more highly expressed gene (see also Supplementary Figs. 1a,b).
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The 'genomic design' model makes further predictions (AE Vinogradov, personal communication). It suggests that, although intronic sequences of the A and AL genes are shorter than those of the S and SL genes, respectively, this may yet be consistent with the 'genomic design' model were we to find that genes residing in the same genomic region have a similar intronic to exonic length ratio (because chromatin of the gene nest condenses and decondenses as a whole).
To test the prediction, we compared the intronic and exonic DNA lengths as well as the ratio of intronic to exonic length in the A, S, AL, SL and NBD genes. In the following analyses, we did not exclude non-coding genes so that it would be consistent with our previous study (Chen et al. 2005a) . Because the full lengths for both intronic and exonic sequences are necessary for the analysis, we focus on full-length mRNA sequences that also span introns (although we observed a similar pattern in analysis of all intron-spanning sequences; data not shown). Our findings do not support the prediction. Although the A and AL genes are shorter (compared to the S and SL genes) in both intron and exon ( Supplementary Fig. 2 ), on average the A and AL genes have a significantly lower ratio of intronic to exonic length (P < 10 -4 ) compared to the S and SL genes respectively ( Fig. 1) . This is also true in a comparison of the A genes with their S partners and the AL genes with their SL partners when considered in a paired fashion. We have collected 397
S/A and 205 SL/AL gene pairs in which both members have full-length, intron-spanning mRNA sequences. The A and AL genes have a significantly lower ratio of intronic to exonic length (P < 10 -4 ; Paired samples t-test with the logarithm ratios) than do their S and SL partners (data not shown). Thus, contrary to the 'genomic design' hypothesis, we find no evidence that the Chen et al.
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intron/exon ratio for sense and antisense genes is a property of the genomic region ('gene nest') within which they reside.
Vinogradov (personal communication) also predicts that the intronic to exonic length ratio should be higher in the SL/AL genes (compared to the S/A genes and non-overlapping genes)
owing to the exon-intron overlap of the opposite genes in this pair (i.e., the intronic sequences of these genes do not consist completely of noncoding DNA because they may encode exons on the opposite strand). The evidence here is mixed. Contrary to the prediction, on average the ratio of intronic to exonic length of the AL genes is significantly lower (P < 10 -2 ) than not only that of the SL genes but also that of the S genes and similar to that of the NBD genes ( Fig. 1) . However, in agreement with the prediction, the SL genes do have the highest ratio of all classes and the AL genes have a higher ratio than the A genes (Fig. 1) . The balance of evidence, however, suggests that the 'genomic design' model cannot provide the complete explanation. Notably, the fact that AL genes have a lower ratio than SL genes is important as, if SL genes have large introns owing to inclusion of exons of the antisense within the SL introns, by the same logic AL genes should have still larger introns as SL exons are larger than AL exons ( Supplementary Fig 2) . That the reverse is found argues against the 'genomic design' model.
While the observations for the most part appear to be inconsistent with the 'genomic design' hypothesis, how might they be explained? Economy selection (of energy or of time) can be realized in one of the counterpart genes of a given pair and its effect should be stronger on the intronic than on the exonic part of the gene (because the latter is under stronger functional constrains). As a result, the ratios of intronic to exonic length would differ between counterpart genes, just as we observed (Fig. 1) . As the A and AL genes have a significantly lower and narrower expression compared with the S and SL genes ( Supplementary Figs. 1a,b) , the 'energyeconomy selection' cannot explain the observations. Thus, only the 'time-economy selection' (i.e., the 'efficiency selection') model (Chen et al. 2005a) can provide a feasible explanation.
This notion is further bolstered by the finding that antisense genes in the co-expressed, inversely expressed and/or evolutionarily conserved SA pairs (these classes of SA pairs being the most likely to participate in antisense-mediated gene regulation that requires a rapid response time; Chen et al. 2005b ) have the most extremely short introns (Chen et al. 2005a) . Given this, it is not surprising that the antisense genes have a significantly lower ratio of intronic to exonic length than do the S genes ( Fig. 1) .
Why do antisense-like genes have small introns?
One issue that we did not consider previously was whether 'efficiency selection' might additionally explain the significant difference between the AL and SL genes in the ratio of intronic to exonic length. Although the regulatory interactions were presumed only for the SA pairs as they have exon overlaps (Knee and Murphy 1997; Kumar and Carmichael 1998; Vanhee-Brossollet and Vaquero 1998; Chen et al. 2004 Chen et al. , 2005a , theoretically, it is possible for an AL gene to regulate the expression of its SL partner if their pre-mRNA molecules could form double-strand RNAs in the nucleus. Since double-stranded secondary structures formed by base pairing between exons and downstream intron elements in pre-mRNAs of the same genes (i.e., exon-intron duplex structures) have been observed in many cases (see Wang and Carmichael 2004 and references therein), it is reasonable to presume that double-strand RNAs can be formed by base pairing between exons (and/or introns) and cognate introns (i.e., forming exon-intron and/or intron-intron duplexes) of the counterpart genes in a given SL/AL gene pair before the overlapped intronic regions in pre-mRNAs are spliced out. Indeed, the fact that, as with SA pairs, human SL/AL pairs are also significantly more frequently (P < 0.05) co-expressed than are pseudo gene pair sets with the same expression levels (Supplementary Table 3 in Chen et al. 2005b ) provides indirect evidence to support the hypothesis that regulation may also exist between AL and SL. Nevertheless, there is no direct experimental evidence yet, thus, a systematic and genome-wide identification of all naturally occurring double-strand RNAs in the nucleus of some cell types would be necessary to test the hypothesis.
Discussion
In sum, predictions of the 'genomic design' model regarding the ratios of intronic to exonic length between antisense (antisense-like) genes and sense (sense-like) genes are for the most part not upheld and hence the above results argue against this model as a means to account for the unusually small introns of antisense genes. Both protein-coding and non-coding antisense genes show the same reduced intronic dimensions. More generally, the results strengthen our previous conclusion (Chen et al. 2005a ) that the findings are inconsistent with prior models but are consistent with 'efficiency selection'. We should, however, reiterate that we do not propose that the 'efficiency selection' model explains all variation in intronic sizes. We still consider the 'genomic design' model as one of several models that need to be considered in the more general context of understanding inter-gene variation in intronic dimensions, not least because it is one of the few models that attempts to account for the correlation between intron size and intergenic distance (Vinogradov 2004 (Vinogradov , 2005 . Indeed, it is worth noting that the SL genes have much longer introns (Chen et al. 2005a ; Supplementary Fig. 2 ) and much higher ratio of intronic to exonic Chen et al.
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This observation could not be explained by either our model or the 'economy selection' model, but can be explained by the 'genomic design' model. The 'genomic design' model proposed that the phenomenon that SL genes have much longer introns than do the NBD genes is owing to the fact that the intronic sequences of the SL genes do not consist completely of noncoding DNA because they may encode exons on the opposite strand for the AL genes (AE Vinogradov, personal communication). We classified the S and A or SL and AL genes in each BD (bi-directional) gene pair mainly based on the conventional concept (e.g., Lipman 1997) that the S (or SL) gene should exist in more tissues and/or be expressed at a higher level than its A (or AL) partner gene (Chen et al. 2004 (Chen et al. , 2005a . The mean and median values with their 95% confidence intervals of the logarithm (log) values of the ratios of intronic to exonic DNA length are shown in the plot. Note that, the original values are not normally distributed, but the logarithm values are almost normally distributed. Thus, we use 'independent samples t-test' and 'Mann-Whitney U-test' to determine significance (P-value) in their mean-value and median-value differences in the logarithm ratio data, respectively. The A and AL genes have significantly lower ratios of intronic to exonic DNA length (P < 10 -4 ) compared with the S and SL genes, respectively. In addition, the mean and median values of the logarithm ratios in the AL genes are significantly lower (P < 0.001) than in the S genes and similar to in the NBD genes. The A genes have the lowest ratios among the five gene categories, which is in accord with the 'efficiency selection' model (Chen et al. 2005a) . The detailed values of the original and log-transformed data as well as the significance (P-values) of the comparisons based on the logarithm values are shown in the embedded table. In fact, we observed a similar pattern in analysis of the original data. Although the mean value of the original ratios is higher in the AL genes than in the S and NBD genes, the median value of the original ratios as well as the mean and median values of the logarithm ratios in the AL genes is significantly lower (P < 0.001) than in the S genes and similar to in the NBD genes. Indeed, we observed that the high mean value of the original ratios in the AL genes was caused by a very small group of extreme big ratios (data not shown). 
